1. Edge effects are among the most significant consequences of forest fragmentation.
INTRODUCTION
Globally, forest ecosystems are becoming increasingly fragmented, such that 70% of the world's forest area is currently within 1 km of the forest edge (Haddad et al. 2015) . The artificial boundaries created during forest fragmentation can have diverse impacts on forest edges (edge effects), including changes in local species composition, diversity and ecological functioning (Murcia 1995; Haddad et al. 2015) . However, little is known about how edge creation may also alter phylogenetic or functional components of biodiversity and linkages to ecosystem function, such as the forest's potential for above-ground carbon storage (but see Chaplin-Kramer et al. 2015; Magnago et al. 2017) . Characterizing the potential consequences of forest-edge creation on the diversity and functioning of forest ecosystems is important for resource management and conservation.
Plants display a range of functional traits that may influence their ability to persist and colonize in altered habitats (Cornelissen et al. 2003; Marini et al. 2012; Asanok et al. 2013) .
Two main categories of plant functional traits that may be especially crucial for plant fitness are dispersal and productivity traits. Traits associated with a plant's dispersal ability, such as
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This article is protected by copyright. All rights reserved. fruit/seed traits and dispersal mode (e.g., mammal-, bird-or wind-dispersed), may influence rates of recruitment and colonization (Schupp 1995; Nathan & Muller-Landau 2000) , whereas traits related to productivity (e.g., leaf area and wood density) may be important for competition and tolerance to certain environmental conditions (Ding et al. 2012; Lasky et al. 2013) . Characterizing the diversity of these functional traits in edge vs. interior habitats can provide important insights about edge effects on tree communities and for understanding mechanisms driving patterns of community structure in fragmented landscapes (Marini et al. 2012; Asanok et al. 2013) . This is especially critical in the face of current anthropogenic pressures, which have begun to alter patterns of species composition within communities (Avise, Hubbell & Ayala 2008; Razafindratsima, Mehtani & Dunham 2013) .
Species traits are often shared by closely related species; thus, phylogenetic relationships within a community are often used as proxies for trait similarities in understanding community diversity (Cavender-Bares et al. 2009; Gerhold et al. 2015) . This approach may have advantages by representing unmeasured or complex traits better than a limited number of measured traits (Helmus et al. 2007; Cavender-Bares et al. 2009 ).
However, phylogenetic patterns used as proxy for trait diversity can be misleading if trait differences display patterns of convergence or divergence on the phylogeny (i.e., when trait differences and phylogenetic distances are not proportional). Therefore, combining traitbased analyses with phylogenetic information can provide complementary information and allows more comprehensive insights into community diversity patterns.
More extreme environmental conditions could favour closely related species sharing certain traits that allow them to tolerate such conditions (environmental filtering) (Webb et al. 2002; Mayfield & Levine 2010) . In forest edge habitats, environmental conditions may result in the prevalence of tree species with similar dispersal mode or fruit/seed traits that allow them to establish in more exposed areas. Edges may also result in the clustering of traits
This article is protected by copyright. All rights reserved. related to species' tolerance and competitive abilities in high light conditions (Westoby et al. 2002; Mayfield & Levine 2010) . Alternatively, edge habitat may function as transition habitat between interior forest and surrounding habitat, such that species with dispersal or productivity traits that are rare or absent in the interior forests may be more common on the edge, leading to higher functional and phylogenetic diversity in the edge community (Grime 2006) .
Given that functional and phylogenetic diversity among species in a community often drive biodiversity-ecosystem-function relationships (Dıáz & Cabido 2001; Flynn et al. 2011; Zhu, Jiang & Zhang 2016) , changes in these metrics resulting from edge disturbance may have implications for carbon storage in above-ground tree biomass. For example, tree communities dominated by distantly related species can yield greater biomass production because of their functional distinctness and low niche overlap (Cadotte, Cardinale & Oakley 2008; Cadotte et al. 2009) . A recent pantropical study using remote sensing suggested large negative effects of edge habitat on carbon storage in forests (Chaplin-Kramer et al. 2015) .
However, at such large scales, it is difficult to separate human encroachment, common in edge forest, from actual edge effects. Local-scale studies of edge effects on forest carbon storage are limited but allow for greater precision and resolution of these effects as well as insight about potential mechanisms (Magnago et al. 2017) and linkages with changes in biodiversity components.
There are several mechanisms by which edges may affect diversity components and carbon storage of tree communities. For example, some studies have suggested that trees relying on large-bodied fauna for seed dispersal commonly have higher above-ground biomass (Poulsen, Clark & Palmer 2013; Peres et al. 2016; . Thus, if plant species dispersed by large-bodied fauna are less abundant in forest edges, there could be altered functional trait diversity and reduced carbon storage 
This article is protected by copyright. All rights reserved. Sankaran 2016). Also, productivity traits and above-ground biomass may differ in forest edges because of the replacement of old-growth species by low-density pioneer species that thrive in open high-light habitats in the edge (Laurance et al. 2006a; .
In this study, we used vegetation surveys from the south-eastern rainforest of Madagascar to explore the potential linkages between diversity components and aboveground biomass in edge and intact habitats. We tested the hypothesis that edge effects would include altered phylogenetic and functional diversity (dispersal and productivity traits) of tree communities. We also examined whether differences in trait distributions between interior and edge communities would be associated with lower above-ground biomass.
MATERIALS AND METHODS

Study site and vegetation sampling
This study was conducted in the evergreen montane rainforests of Ranomafana National Park (RNP) in south-eastern Madagascar (47°18'-47°37'E, 21°02'-21°25'S). RNP comprises an area of 41,600 ha with an elevation of 600-1500 m (Wright & Andriamihaja 2002) , and is home to more than 330 species of trees and large shrubs (Razafindratsima & Dunham 2015) , most of which rely on a limited set of frugivores for dispersal . The climate in Ranomafana is highly seasonal with average monthly rainfall ranging 
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This article is protected by copyright. All rights reserved. edge toward the interior) and another in interior habitat (with the centre of the plot located at least 500 m and up to 3,220 m from the edge). Forest boundaries were characterized by hard edges, with little or no successional gradient between forest and non-forest. The non-forest matrix adjoining edge plots consisted primarily of habitats associated with small-scale agriculture, including active, fallow and abandoned fields. This habitat transition has existed for >26 years since the park was founded in 1991. During its establishment, the park boundaries generally followed the contours of remaining forest with variable extent of forest buffer outside the limits (Supporting Information Fig. S1 ). The edge-forest habitat at RNP has been used at relatively low intensity for obtaining forest products such as dead wood for fuel. The landscape matrix in Ranomafana is representative of forested environments in eastern Madagascar, which extend along the eastern escarpment from northern to southern Madagascar (inset in Supporting Information Fig. S1 ).
Within each plot, we recorded the species identity, diameter at 1.3 m height (dbh) and height of all woody stems with >10 cm dbh. Species in our plots were identified according to local research technicians trained in floristic identification. We also used the databases Tropicos (http://www.tropicos.org/) and The Plant List (http://www.theplantlist.org/), as well as the detailed floral descriptions in Schatz (2001) and Turk (1995) . We checked the accuracy of our species names using the Taxonomic Name Resolution Service v4.0 (http://tnrs.iplantcollaborative.org/). In total, we recorded 157 tree species, 90 genera and 43 families in all plots (with 122 species recorded in forest edges and 129 species in interior habitats), for a total of 2066 individuals. Communities in each plot were composed of 21-51 species (with an average of 956 ± 66.02 individual trees per ha).
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Species richness and composition
For each tree community in each plot, we calculated species richness (S) and a diversity index using an exponential of the value of Shannon entropy index that represents "effective number of species" (expH) (Hill 1973; Jost 2006) . We also examined differences in community composition between habitat types using nonmetric multidimensional scaling (NMDS) ordination (Benítez-Malvido et al. 2014) and PERMANOVA analysis (see Appendix S1).
Phylogenetic diversity
We used the web-based service Phylomatic v3 (Webb & Donoghue 2005) to build a regional phylogenetic tree (Appendix S2) that contained all known woody trees/shrubs in RNP. The list of known tree/shrub species in RNP was generated from our vegetation sampling from this study in addition to data from Centre ValBio's long-term research program (Wright unpubl. data) , and OHR's previous inventory of plant species in Ranomafana Razafindratsima & Dunham 2015 Razafindratsima unpbl. data) . Species names were checked for accuracy and synonyms using the methods described above in our vegetation sampling methods. Phylomatic takes the taxa in our list (with family and genus) to match with the most resolved position possible in a user-specified megatree. In this study, we used the megatree "zanne2014", a phylogenetic tree of angiosperms with calibrated branch lengths developed by Zanne et al. (2014) .
We characterized the phylogenetic diversity of each community in forest edge and interior habitats by measuring a Mean pairwise Phylogenetic Distance (MPD) and compared it with null communities by estimating the Net Relatedness Index (NRI) (Webb 2000) . MPD measures the average evolutionary distance between all pairwise species in a community; a higher value of MPD means that the members of the community are less related to each other than the members of the community with a lower value. NRI is estimated as follows:
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This article is protected by copyright. All rights reserved. Null communities were generated from random draws of species from a pool of all tree species in the regional phylogeny, maintaining the species richness within each community (9999 permutations, phylogeny.pool in R). Given that several different randomization models can be used to calculate NRI (Webb et al. 2002) , we initially tested the effects of model selection by testing the correlation of NRI values from four different models ("phylogeny.pool", "richness", "frequency" and "independentswap"), using Pearson correlation tests. Correlation coefficients between the models were very high (R = 0.96 -0.99). We performed one-sample t-tests to examine the deviation of NRI values from random expectations (zero) for communities in each habitat type (Razafindratsima, Mehtani & Dunham 2013; Sydenham et al. 2015) . To assess whether the phylogenetic diversity metric MPD differed between tree communities in forest edge and interior habitats, we performed linear mixed-effects models (normal distributions), with the nlme package in R; the variable habitat type (edge vs. interior) was treated as a fixed effect and transect locations (sites) treated as a random effect.
Trait dataset and functional diversity
We used traits that measured dispersal and productivity (Table 1) of each tree species identified in our plots. The sampling methods and measurements for each trait variable are detailed in Appendix S3 and a list of data sources for traits collected from the literature and
Accepted Article
public databases are provided in the Data Sources section. We gathered trait data for more than 72% of the species in our plots and we obtained > 90% of the trait data for 8 out of the 10 most abundant species.
Analyses of phylogenetic signal in each of these trait variables (i.e., tendency of related species to resemble each other), using Pagel's lambda (Pagel 1999) , show that fruit length and seed size category display significant phylogenetic signal, while there was a nonsignificant phylogenetic signal in seed dispersal mode and fruit colour categories and no signal in fruit width (Appendix S4). Productivity traits display significant phylogenetic signals in leaf area, wood density and longevity, and non-significant signals in average height, spinescence and growth rate (Appendix S4).
We characterized the functional diversity of each tree community, in terms of dispersal-and productivity-related traits, by measuring Petchey and Gaston's Functional Diversity index, FD (Petchey & Gaston 2002) . FD is a dendrogram-based metric that estimates the dispersal of a community of species in trait space and automatically accounts for covariance between traits. Communities with high divergence in trait space are expected to yield higher FD values than communities with low trait divergence. We used algorithms in R (R Core Team 2016) to calculate FD. Continuous trait variables were standardized to have a mean of zero with a unit standard deviation. We used the Gower standardization method to calculate the multivariate distances between species required to compute this metric. Species with any missing trait values were excluded from the calculations. In total, 108 species were used for the functional analyses of dispersal traits and 139 species for productivity traits.
To evaluate how the values of functional diversity are distributed within the communities, we compared the observed values of FD (FD obs ) to that of null expectations (FD null ), by calculating an Index of Variance (IV) as follows (Mason et al. 2008) :
IV gives a stable index of the ratio between observed and expected values and standardizes
values between -1 and 1; a positive value of IV indicates that the observed value is greater than the value expected at random, indicating trait divergence (Mason et al. 2008) . Null expectations were estimated from 9999 randomly generated communities, using the "richness" option implemented in the package picante in R (in which abundances within communities were randomized but the species richness in each community was maintained).
We included species from all sampled plots in the pool for null communities, rather than those in nearby paired plots only, because the dispersal of these species is not restricted to the sites and these plant species could be potential colonists of each plot. Including all species in the pool -similar to the randomization for phylogenetic analyses -was not possible because we did not have trait data for all species in the region to create a trait dendrogram. We used one-sample t-tests to determine whether the mean of the distribution across communities for
IV.FD significantly deviated from random expectations (hypothesized mean = 0). Similar to
the analyses with phylogenetic diversity above, we also assessed whether the functional diversity metric FD differed between communities in forest edge and interior habitats using linear mixed-effects models.
Above-ground biomass
We measured total above-ground biomass in each plot by summing the above-ground biomass of each individual tree within each plot and dividing the sum by the total sampled area; the resulting value is converted into Mg/ha. Estimates of individual-level above-ground biomass were calculated using the following allometric equation developed by Chave et al. 
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diameter at breast height (in cm) and tree height (in m). We found similar patterns when using other allometric models (Appendix S5); thus, we only present the results of one model in this study. We used linear mixed-effects models as described above to assess whether above-ground biomass differed significantly between tree communities in forest edge and in interior habitats.
RESULTS
Species richness and composition
While the difference in mean species richness between communities in edge (36.00 ± SE 3.49 species per plot) and interior habitats (43.57 ± SE 1.56 species per plot) was marginally nonsignificant (t 6 = 2.03, P = 0.09), the exponential of Shannon diversity index (expH) showed a significantly lower diversity in edge habitats (t 6 = 4.38, P = 0.005; edge mean = 20.57 ± SE 2.20; interior mean = 27.05 ± SE 1.45). An ordination of edge and interior tree community composition suggested the difference in species composition between these two habitats was non-significant, though only marginally (PERMANOVA, F 1, 12 = 1.240, P = 0.06) (Fig. 1) .
Phylogenetic species diversity
The mean value of MPD shows that the species in the edge habitat were significantly more phylogenetically related than those in the interior habitat ( Fig. 2A ; mean MPD in edge:
242.01 ± 9.07 MY, interior: 266.58 ± 5.99 MY). Mean NRI indicates that the communities in edge habitats were composed of species that were neither more nor less related than expected by chance (mean NRI = -0.09; t 6 = -0.35, P = 0.73), and significant phylogenetic dispersion (i.e. composed of species that are more distantly related than expected by random assembly)
for communities in interior habitats (mean NRI = -0.93; t 6 = -3.16, P = 0.02). However, the difference in mean values of NRI between these two habitat types was only marginally
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significant (t 6 = -2.45, P = 0.05).
Functional diversity
The mean value of FD of dispersal traits was not significantly different between tree communities in edge and interior habitats (Fig. 2B) . Compared with null expectations, the observed FD of dispersal traits for tree communities near forest edge was significantly higher than expected by chance ( Fig. 3A; mean IV.FD = 0.05 ± 0.02, t 6 = 2.72, P = 0.03). However, for the communities in interior habitats, observed FD of dispersal traits did not differ from random expectations ( Fig. 3A ; mean IV.FD = 0.02 ± 0.01, t 6 = 1.39, P = 0.21). For productivity-related traits, FD was significantly lower in forest edge than in interior habitat (Fig. 2C) . Compared with null expectations, the FD of productivity traits was significantly lower than random expectation for tree communities near forest edge ( Fig. 3B ; mean IV.FD = -0.08 ± 0.03, t 6 = -2.86, P = 0.03); it did not differ from random expectations for the communities in interior habitats ( Fig. 3B ; mean IV.FD = 0.02 ± 0.02, t 6 = 1.04, P = 0.33).
Simple linear regression analyses showed that the deviations of FD, for either type of traits, from null expectations were not related to species richness (dispersal traits: R 2 = 0.03, P = 0.54; productivity traits: R 2 = 0.002, P = 0. 88).
Above-ground biomass
We found that total above-ground biomass was not significantly different between the tree communities in forest edge and interior habitats ( Fig. 2D ; mean in edge = 188.48 ± 47.14 Mg/ha, mean in interior = 242.96 ± 34.49Mg/ha).
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DISCUSSION
In forests worldwide, edge effects are among the most significant consequences of forest fragmentation (Murcia 1995; Haddad et al. 2015) . Determining how forest edges impact the diversity of vegetation and ecosystem processes is therefore crucial for forest management and conservation. In a Malagasy rainforest, we found lower phylogenetic diversity in tree communities in the forest edge than in interior habitats, suggesting that some clades may be more vulnerable to edge environments than others (i.e., potential environmental filtering) or have a competitive advantage. This was supported by the lower diversity of productivity traits in edge habitat relative to both interior and to random expectations. Despite these differences in productivity traits, edge effects in this system did not negatively influence above-ground biomass (a proxy for carbon storage), despite > 26 years since edge creation. The functional diversity measures of dispersal traits did not differ between tree communities in edge and interior habitat. However, dispersal traits in edge habitat were more diverse than expected from random assemblages.
The lower phylogenetic diversity in edge communities found in this study was similar to results found in previous studies of degraded habitats (Santos et al. 2010; Norden et al. 2012; Letcher et al. 2012; Ding et al. 2012) . The more extreme environmental conditions of edge and degraded habitats may select for more closely related species sharing traits allowing them to tolerate these conditions (Webb et al. 2002; Santos et al. 2010) and/or to be competitive in such an environment (Mayfield & Levine 2010; Kunstler et al. 2012) .
Additionally, the activities of people living on the forest periphery (small-scale agriculture adjacent to the forest and low-intensity harvest of non-timber forest products in the forest near edges) could contribute as a selective force on traits in forest edge communities (Brown et al. 2013) .
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The effects of forest edge habitat on functional diversity in our study, however, were not straightforward, but depended on trait type, suggesting that different diversity components may respond differently to disturbance (Giehl & Jarenkow 2015) . The different patterns of diversity of productivity and dispersal traits across habitat types in this system may be explained by the higher number of evolutionarily labile dispersal traits relative to productivity traits (Appendix S4); a pattern that is also found in other systems (Stournaras et al. 2013; Giehl & Jarenkow 2015) . Our functional diversity results also suggest that independent mechanisms may structure the diversity of productivity and dispersal traits Despite differences in diversity components between communities in forest edge and interior habitats, community above-ground biomass was found to be similar between these habitat types. This result reflects the similarities between tree communities in edge and interior habitats in forest structure and in distributions of the three traits used to estimate above-ground biomass (Appendix S6 and S7). Similarities in above-ground biomass was
contrary to our expectations and does not accord with large-scale studies of edge effects on carbon storage (Chaplin-Kramer et al. 2015; Brinck et al. 2017) , or studies showing that phylogenetic and functional diversity can be a strong predictor of community productivity (Cadotte, Cardinale & Oakley 2008; Flynn et al. 2011) . It is important to consider, however, that the time scale of edge creation may affect the intensity of edge effects (Magnago et al. 2017) . Given the longevity of many tree species, the forest edge may still be facing local extinction debt in this system even after > 26 years since fragmentation (Laurance et al.
2000).
It is also possible that, in this system, edge habitats have a limited effect on biomass.
Our results show that the interior forests of Ranomafana have low above-ground biomass and interior forests. However, the biomass result should be treated with caution because of the low sample size of our study, as well as the longstanding limitation of estimating aboveground biomass from allometric relationships, rather than direct measurements (Lewis et al. 2013) . Further work across more systems will help clarify edge effects on above ground forest biomass.
Our results indicate that forest edge creation can reduce diversity beyond species composition and richness, and highlight the need to reduce edge creation and buffer existing edges for biodiversity conservation in forest ecosystems. We suggest that tropical forest management efforts should contribute to phylogenetic and functional diversity of trees while preserving the functioning and resilience of forest ecosystems under future changing environmental conditions. Although above-ground biomass did not appear to be affected by
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forest edge in this system, our results indicate that long-term monitoring of forests is crucial for understanding potential changes in ecosystem functioning. 
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